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Abstract 
This project is targeted to investigate how various processing parameters used in 
the production of composites namely carbon fibre will affect mechanical 
properties of composites. The objective of this paper is to produce an ideal set of 
processing parameters for the production of a composite automotive chassis 
where Tensile strength, Modulus and Poisson's ratio is of greatest concern. 
The study begins with a review of current work and trends. Key aspects with 
regards to the manufacturing process, detailed composite lay-up including fibre 
types & direction, matrix type, curing parameters are addressed. A particular set 
of parameters are selected for investigative study and specimen types selected 
are prepared through the use of Design of Experiments (DOE). Specimens are 
subjected to ASTM specified experiments to determine the mechanical 
properties achieved in each experiment run. The results are put through a 
verification test as part of the DOE process. Lastly, to better understand the 
results, a tensile test is simulated through the use of Finite Element Analysis (FEA) 
software, Abaqus. 
The results from this study has eliminated the majority of parameter 
combinations possible for future carbon fibre processing targeting at the design 
characteristics of an automotive chassis. The optimised cure parameters may be 
adopted in future where an automotive chassis can be designed and 
manufactured. 
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1. INTRODUCTION  
1.1 Motivation 
The use of composites in the automotive industry has been of great interest 
where the reduction of specific weight while increasing strength are key in 
vehicular technology. An automotive chassis is the largest structural component 
in any vehicle where the use of composites may be exploited.  
In many manufacturing processes, the relationship of key input process variables 
(or factors) and the output performance characteristics is frequently of 
significant interest. For example, in an injection moulding process, melt 
temperature, cooling rate, pressures, cycle time, etc. are input variables leading 
to part quality and properties as output characteristics. 
Similarly, the production and quality of manufactured composites are highly 
dependent on the various input process parameters such as materials used, 
curing variables, tooling, etc.  
The optimisation of curing parameters of composites through Finite Element 
Analysis (FEA) is almost impossible and if so, rather inaccurate. A large series of 
experiments is required to fully optimise curing parameters to achieve an 
optimized composite part. In addition to the already diverse methods, materials 
   DEPARTMENT OF MECHANICAL ENGINEERING  
 
 PAGE 2     MASTER OF ENGINEERING THESIS 
used and lay-up skills involved, curing parameters play a crucial role in affecting a 
composite part's mechanical properties. 
A detailed investigation on curing parameters is just one of the essential 
investigations required to optimise a composite part which may be standardised. 
It is only with these parameters optimised, data and properties acquired can 
then be put to effective design. An example such as a composite monocoque 
automotive chassis requires good torsional resistance to serve its purpose. Most 
composite manufacturers or users develop unique and niche procedures to cater 
to a specific requirement desired and is usually a trade secret. This has lead to 
the purpose of this study to investigate how to achieve optimisation of 
mechanical properties that are specific to the construction of an automotive 
chassis. 
1.2 Project Objective 
The primary objective of this project is to determine the best set of curing 
parameters to achieve optimal mechanical properties for an automotive chassis 
design. A series of experiments with varying cure parameters shall be conducted 
and specimens put through mechanical tests. 
1.3 Project Scope 
Before embarking on an in-depth study on composites, sufficient understanding 
and knowledge of concepts are crucial and acquired through various mediums of 
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literature study. Comparisons concerning parameters, characteristics and 
specifications are made between various manufacturing methods. After selecting 
two most appropriate used methods, in depth research is done on hybrid designs 
and minor tweaks for optimisation. Parameters highlighted shall be used to 
manufacture test specimens which shall be subjected to Tensile and Bending 
Tests. Experimental results will be discussed and further analysed using Finite 
Element Analysis (FEA) software; Abaqus to explore the discrepancy between 
reality and simulation. A conclusion will be made to narrow down the optimised 
parameters appropriate for an automotive chassis design. 
1.4 Structure of this Thesis 
This Thesis comprises of eight chapters. Chapter one provides an introduction of 
the subject matter as well as the motivation behind this research topic. In 
addition, both depth and coverage of this study is summarised. 
Chapter 2 presents the theories behind composites and an automotive chassis. 
The findings and work of fellow academia past and current relating to these 
topics are also discussed.  
Chapter 3 discusses the approach taken towards this study. The methodology 
used in designing the experiment, parameters determined through the use of 
this methodology, and the machining processes are briefly described. 
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Chapter 4 and 5 focuses on the experiment process. The preparation of test 
coupons from manufactured specimens is illustrated. After which, the methods 
and steps done during the ASTM tests conducted are explained with sample 
calculations. 
Chapter 6 and 7 debates the obtained results from both ASTM tests and is 
compared with both past experiments and Finite Element Analysis. The findings 
of this comparison are discussed in detail and its significance discovered. 
Chapter 8 concludes this study highlighting the limitations and future work 
possible. 
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2. LITERATURE STUDY 
2.1 Composite Trends 
Over the past few years, there has been a surge in the amount of research and 
exploitation of composites. The use of composites has been employed within the 
renewable energy, marine, aerospace and automotive industries in recent years. 
This is especially so in the aerospace industries in which composites are widely 
used on the latest Airbus A350 XWB and Boeing 787 Dreamliner aircrafts. Much 
of the fuselage of these latest aircrafts are composed of Carbon Fibre Reinforced 
Plastic (CFRP), making the aircraft lighter than a comparable aluminum fuselage, 
with the added benefit of less maintenance thanks to CFRP's superior fatigue 
resistance. 
The upcoming automotive sector is also beginning to exploit composites. In the 
recent years of Formula One Racing, carbon fibre composites have been an 
essential material as well as amongst various race cars. However, the use of 
carbon fibre composites has spread towards road-worthy cars. Debut in recent 
motor-shows are the Lamborghini Sesto Elemento1, Bugatti Veyron 16.4 Super 
Sport and Pagani Huayra boasting parts such as the chassis, body/ skin, drive 
shaft and suspension components made of carbon fibre composites. It is evident 
that the use of composites is an increasing trend in the automotive industry. 
                                                     
1 Lamborghini Sesto Elemento is not road legal in many countries due to safety regulations such 
as crash worthiness but is track worthy. 
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Composite laminates have been widely accepted by various industries on 
account of their high modulus, high specific strength, high stiffness, low density, 
ease of fabrication and the facility for tailoring in component design. (Mayank 
Nirbhaya, 2014) 
2.2 Composite Theory 
A composite material can be defined as: A mixture of two or more mechanically 
separable materials that when combined give properties superior to the 
properties of each individual component. A composite material consists of two 
parts, namely the matrix and reinforcement. The matrix is often referred to as 
the resin, it supports and bonds the reinforcement within a composite material 
keeping its correct orientation. Conversely, the reinforcement, often referred to 
as fibre, provides reinforcement to the matrix giving the material strength and 
stiffness. 
The main factors that determine the properties of a composite material are: 
 Properties of the Matrix used 
 Properties of the Reinforcement used 
 The orientation, geometry and length of reinforcement used 
 Ratio of the reinforcement and matrix within a composite part 
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Given that the properties of a composite part are determined by such factors, it 
is deduced that most composite materials are anisotropic. 
When a composite part is put under compression loads along the length of its 
reinforcements, it is up to the adhesive and stiffness properties of the matrix to 
keep the reinforcement straight and prevent them from buckling. On the other 
hand, when in tension, the composite's tensile strength and stiffness is highly 
dependent on the reinforcements as it is usually significantly higher than the 
matrix. Composites experiencing in-plane shear within a ply will rely on both the 
adhesive properties of the matrix as well as the geometry of the reinforcement. 
Contrarily, composite parts experiencing out-of-plane shear are mainly 
dependent on only the adhesive properties of the matrix system to prevent 
individual plies of reinforcement from sliding over each other. Such loading 
conditions are then applicable to composite parts subjected to bending and 
torsional loading. 
Table 1 shows the mechanical properties of the fibre and matrix respectively. 




Modulus (GPa)  
Density (g/cc)  
Carbon Fibre Fabric (CF-200, 3K Tow) 3530 230  1.76  
Epoxy 69  6.9 1.10 
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For load parallel to fibres, the resultant modulus and tensile strength of the 
composite can be estimated from the law of mixtures: 
𝑬𝒄 = 𝑬𝒇𝑽𝒇 + 𝑬𝒎𝑽𝒎  and  𝝈𝒄 = 𝝈𝒇𝑽𝒇 + 𝝈𝒎𝑽𝒎 
Therefore assuming Vf = 0.2 and Vm = 0.8, it can be estimated that Ec = 51.5 GPa 
and ϭc = 761.2 MPa. Such estimates are linear based calculations which should 
only be used conservatively and limited to simple 2-D composite laminate 
designs. 
Carpet plots as shown in Figure 1 are also used to determine the number of each 
oriented layers are required to meet certain specifications. Carpet plots are 
available for many properties such as compressive strength, shear strength, 
shear modulus, etc. and are usually provided by manufacturers. 
 
Figure 1: Example of carpet plot 
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The stress-strain characteristics shown in Figure 2 of composites may be 
described with a simple example. Consider a composite reinforced with long 
parallel brittle fibres loaded in tension along the fibre axis. The deformation may 
occur in three stages: 
1. Both fibres and matrix deform elastically. 
2. The fibres continue to deform elastically but the matrix now 
deforms plastically. 
3. The fibres fracture progressively, the load is transferred to the 
matrix, which necks down and the composite fractures. 
 
Figure 2: Stress-Strain plots 
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In general, every composite produced is different and its mechanical properties 
decline and vary individually. Therefore, there is hardly ever a set of mechanical 
properties available for composites since its mechanical properties will depend 
on the direction it is laid, skill & experience of the person laying, type of binder, 
type of core and of course type of carbon fibre fabric used. However, there is a 
point of reference for the mechanical properties of such a composite which 
should only be used as a reference. In addition, process control during the 
manufacturing of composite parts must be highly monitored and strict 
adherence to production instructions are the fundamentals to consistent as well 
as high quality composite parts. 
Table 2: Effect on mechanical properties (*Source: http://www.performance-
composites.com/carbonfibre/ mechanicalproperties_2.asp) 
Properties  Carbon Fibre 
Fabric (CF-200, 
3K Tow)  
Carbon Fibre 
cured (120°C) 
with Epoxy*  
Aluminum 
6061-t6  
Density (g/cc)  1.76  1.60  2.7  
Ultimate Tensile Strength 
(MPa)  
3530  600  310  
Young’s Modulus (GPa)  230  70  68.9  
Poisson’s Ratio  -  0.10  0.33  
From Table 2, it can be seen that despite the decline in the carbon fibre 
composite’s mechanical properties, when compared with aluminum; carbon 
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fibre composite can provide a similar Young’s Modulus and double the UTS at 
almost half the density.  
In a carbon fibre composites, lightweight, low density and relatively cost 
effective are core materials that provide the foundation for amazingly strong and 
stiff sandwich structures when placed between skins made with reinforcing 
fibers and resin. With the right combination of core, composite skins and 
adhesive, sandwich composites can deliver high stiffness and low weight 
properties where they are design priorities. It has been proven that sandwiching 
a low-density, lightweight core material between thin face sheets can 
dramatically increase a laminate's stiffness with little added weight. A sandwich 
structure is cost-effective because the relatively low-cost core replaces more 
expensive composite reinforcement material and can be cured with the skins in a 
single process like resin infusion. And the stiffer but lighter sandwich panel 
requires less supporting structure than a solid laminate. 
The core can be illustrated as the connecting web of an I-beam, separating the 
face skins at a constant distance, while the skins themselves function as the I-
beam flanges providing the required bending and in-plane shear stiffness to carry 
axial, bending and in-plane shear loads. The sandwich panel's bending stiffness is 
proportional to the core thickness, in the same way an I-beam is stiffer as the 
distance between the flanges increases. Doubling the core thickness yields a 
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panel six times stronger and 12 times stiffer, with very little weight increase. This 





A core also helps distribute loads and stresses on the skins, which makes a cored 
sandwich an excellent design for absorbing impact stresses. Another alternative 
to a core would be a honeycomb structure. While the honeycomb has a higher 
strength-to-weight ratio, solid foam or balsa wood cores are in contact with the 
entire skin area, which spreads the impact over a larger area than honeycomb. 
A core's compression strength prevents the thin skins from localised buckling 
failure, while its shear modulus keeps the skins from sliding independent of each 
other when subjected to bending loads. 
Equally important is the adhesive that bonds the core to the skins which must be 
strong enough to withstand the constant compression/tension forces of dynamic 
loading. The coefficients of thermal expansion (CTE) of the core, the fibre 
material and the adhesive must be compatible to ensure that thermal cycling (ie. 
outdoor operations) doesn't cause de-bonding ensuring that the entire laminate 
acts as one. 
The production of carbon fibre composites consists of an almost infinite number 
of methodology and various types of material available in the market. One such 
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example would be “Pre-impregnated” composite fibres (Prepregs). Prepregs 
consists of a composite fibre material pre-impregnated with a resin matrix in a 
controlled ratio. The resin may be partially cured (referred to as B-staged) and in 
this form, is supplied to the fabricator who can use it to lay-up a part. 
(Introduction to Advanced Composites and Prepreg Technology) Since a prepreg 
is impregnated with resin, no additional resin is required and thus the final part 
can be ensured to be minimally filled with resin. 
2.3 Composite Design Considerations 
The balancing of plies within a laminate is critical to design considerations of the 
final part. A balanced laminate that is symmetrical through the mid plane is 
essential to prevent and minimise distortion. Specifications such as type of fibre, 
orientation, type of fabric, fabric weight and resin to fibre ratio must be balanced. 
On the contrary, un-balanced laminates may be designed and used to optimise 
structural loadings as in the case of the wings of a jumbo jet where distortions 
are deliberately intensified. 
Ply distortion and spring-backs are common issues faced in composites 
manufacturing. This is caused by the differences in thermal contraction between 
the reinforcement and matrix within a laminate. When a composite part is 
cooled to room temperature, polymer materials shrink more than mineral 
materials. When mineral reinforcements are within a polymer matrix, the 
polymer matrix shrinks more while when thermoplastic reinforcements are 
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within thermosetting matrix, the thermoplastic reinforcement shrinks. Therefore, 
depending upon the matrix distribution within a laminate, any bias from the mid 
plane of the laminate can cause distortions or spring-backs. Long fibres can 
amplify the contraction effect whereas short or discontinuous fibres can reduce 
this effect. 
 
Figure 3: Two uni-directional plies with different resin content 
Figure 3 illustrates an un-balanced laminate where the top ply has a higher level 
of shrinkage relative to the bottom half. This leads to distortion. Intuitively, resin 
fillets close to the mid plane have lesser effect than those further from the mid 
plane. 
2.4 Composite Processing/ Manufacturing Methods 
The production of composite parts entails various processes depending on 
quality of part, fibre volume and typical manufacturing considerations. 
Production methods include wet lay-up, resin infusion, pre-pregs, resin transfer 
moulding, filament winding and pultrusion. In this research topic, specimens will 
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be produced using the resin infusion and pre-preg methods as such these 
methods shall be explained in detail below. 
A resin infusion system is not to be confused with the similar resin transfer 
moulding system, the latter injects or pumps resin into a moulding while resin 
infusion is where dry reinforcements are laid into a mould with resin infused or 
drawn into a mould under a negative pressure differential. The resin infusion 
system is versatile and can accommodate most composite parts. In general, resin 
infusion systems are cured at room temperature for low and medium service 
temperature components without the need for high temperature moulds. 
 
Figure 4: Resin infusion system (http://www.airtechonline.com/resin-infusion) 
Figure 4 illustrates the equipment and consumables required in a single cure 
cycle of the resin infusion system. A negative pressure differential generated by a 
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vacuum pump within the system draws resin from a source through the part and 
into a reservoir. Through this path, resin infuses into the ready laid fabric 
reinforcement. Darcy's law may be used to deduce the rate of flow through the 
system but doing the math is not necessarily important as many of the 
properties are very complex, however, each factor governing Darcy's law should 





The pre-preg system has reinforcements pre-impregnated with pre-catalysed 
matrix. A pre-preg system is typically 50-65% fibre volume or up to 85% fibre 
volume with uni-directional materials. The processing of pre-preg systems entails 
two elements namely heat and pressure to turn uncured materials into cured 
structural components. Heat activates the curing mechanism within the matrix 
and reduces its viscosity to enable flow throughout the component. Pressure is 
simply employed to consolidate the layers of material and to assist conformity to 
mould surface. Pressure, however, is an element that may be optional if a lower 
level of consolidation is acceptable where Out-of-Autoclave (OoA) curing is 
employed. 
Most pre-preg systems are traditionally cured in an autoclave where pressure 
may be applied. With the growing trend and demand for composites, the 
availability of autoclave facilities has become critical. OoA curing is introduced as 
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an alternative processing option in order to facilitate production flexibility and 
reduce manufacturing costs. Curing typically takes places in an oven where only 
heat is utilised with the part placed on a mould and closed under vacuum with 
the use of a vacuum bag. As with the resin infusion method, the limited pressure 
available for consolidation is 1 bar, when compared with an autoclave of 
approximate 7 bar, poses a risk for residual porosity. Due to this limited pressure, 
laminate quality may be compromised through balancing the hydrostatic and 
void pressure in order to maintain gas and volatiles in solution. (T. Kourkoutsaki, 
2015) These volatiles especially humidity will result in voids and increased 
porosity of the composite part as seen in injection moulding. When vacuum 
pressure is applied on one end of the fibre tow, the location nearest to the 
vacuum source will impregnate first. When this happens, the rest of the laminate 
may be cut off from the vacuum source with no pressure difference available to 
promote further tow saturation, resulting in trapped air within the tow. The 
further away from the vacuum source, the more pronounced the impregnation 
time gradient along its length and hence increasing air entrapment across the 
laminate. (T. Kourkoutsaki, 2015) Also, void content in pre-pregs exhibit 
decreasing trends with increased cure temperatures. (A. Abbott (BChE), 2011) 
The U.S. Air Force has identified OoA prepreg systems as vital to achieving the 
fast and affordable manufacturing that the U.S. Department of Defense (DoD) 
will require for future military platforms, and the Air Force sees additional cost 
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savings when one OoA prepreg system can be used for prototyping, production 
and spares. (Gardiner, 2011) 
In addition to voids, warpage is also a major flaw in composite parts. Warpage is 
largely induced due to a mismatch between the tool and part Coefficient of 
Thermal Expansion (CTE). A non-uniform stress distribution is locked in as the 
matrix cures. (D. Stefaniak, 2012) has verified that tool surface coarseness has a 
crucial influence on the part’s deflection for the materials at hand which 
substantiates tool-part interaction as the predominant reason for the 
deformation of flat laminates. 
The many models available to date describe and simulate the curing process of 
composites. These models relate the cure cycle to the thermal, chemical and 
physical process occurring in the composite during cure. (ALFRED C. LOOS, 1983) 
However, these models are usually specific to the reinforcement and matrix used. 
By modelling heat flow and the use of numerical solution techniques, a 
mathematical model shows that, subject to certain assumptions, the velocity 
components for flowing matrix (in between ply layers and within the pre-pregs) 
could be reduced to a problem of solving a system of first-order ordinary 
differential equations. Indirect validation of velocity and pressure has been 
achieved through temperature comparisons with existing published 
experimental data. These models as mentioned are useful but each has its own 
limitations. (D.C. Blest, 1999) 
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When a pre-preg system is used, the amount of resin within a component is 
controlled to a certain defined ratio to provide consistent parts as well as part 
characteristics closer to designed parameters. The mixing of matrix material is 
also abolished, removing variables such as inadequate mixing. In a nut shell, the 
pre-preg system and its associated processes are considerably regulated as 
compared to other composite processes. Predominately pre-preg processes 
utilises the dexterity of a skilled craftsman's hands to position and manipulate 
material into a mould tool. This although labour intensive, is the most cost 
effective approach offering high quality components unless where automation 
can be used on very simple parts. 
Pre-catalysed matrix systems have a limited life and will cure even at room 
temperature over a period of time. Figure 5 illustrates the varies stages of pre-
preg life. Each matrix material has a specific storage life in which should be 
stored at typically -18°C. The out life or work life is referred to as the time a piece 
of material is left out of its storage temperature. In general, material should only 
be used if there is sufficient tack life where it has enough tack to enable a 
successful laminate lay-up. 
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Figure 5: Pre-preg life 
Materials must be carefully defrosted. Premature unrolling or usage of a material 
can cause moisture contamination or can result in breakage of fibres within the 
frozen matrix.  
A study by National Aeronautics and Space Administration (NASA) on a hybrid 
composite wing body has utilised the process of stitching fabrics into certain 
desired forms and lay ups to suppress inter-laminar failures, arrest damage and 
turn cracks. Damages or cracks are quickly arrested by the stitching, improving 
fatigue and damage growth. This process is also cheaper, quicker and easier for 
design changes by using OoA processing. (Dawn Jegley, 2011) 
2.5 Composite Waste Management and Environmental Concerns 
The wide spread use of composites will bring about some serious thoughts 
towards waste management of such non-biodegradable parts which contain 
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extensive material combinations. If left unsolved, the Earth's landfills will be 
filled with composite waste very quickly. Commercial recycling operations for 
main stream composite materials were very limited due to technological and 
economic constraints. However, today, waste management research work and 
development are gradually increasing to address this imperative issue. 
Advances such as the dust from grinding of glass fibre composites parts which 
have reached its end-of-life can be used as an additive to concrete. Such 
concrete with glass fibre additives derives a new character of lesser shrinkage 
thereby increasing its durability in weathered conditions. On the other hand, 
attempts are being made to extract the high value carbon content from end-of-
life carbon fibre parts which may be recycled and used in non-structural carbon 
fibre parts. (Johnson) 
The vanes of a wind-powered turbine take an average of 10 years out of its 25 
year lifespan to become carbon neutral and begin putting its worth back to the 
environment. Strive for better recyclable composites and recycling technologies 
for composite materials has to be done through extensive research and 
development. This will contribute to the sustainable development of the 
composites industry. (Johnson) 
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2.6 Current Practices and Research on Composite Curing 
Material and processing parameters play a very crucial role in determining a 
composite part quality. One such quality indicator is a part's surface porosity 
which is a very common problem in composite curing. Similar to any other curing 
process in the manufacturing industry, voids created by entrapped air from 
moisture at high temperatures is the main contributor to such defects. 
Fundamentally, almost every aspect of the curing process directly affects the 
outcome of a composite part. Factors relating to issues especially voids include 
when the pre-preg is taken out of the freezer and vacuum level during curing 
(Lee Hamill, 2015). Cure temperature cycles are also a critical parameter which 
affects a composite part's void volume fraction and spatial distribution (S. 
Hernández F. S.-A., 2011). Cure Pressure is said to possess an exponentially 
decreasing relationship between void content (Ling Liu, 2006). 
Various methods of standardizing the composite layup process and the 
development processes have to a certain extent reduce manufacturing defects 
such as voids by increasing heat transfer rates (L.W. Davies, 2007). Other studies 
show that optimisation of a carefully designed temperature cycle can lead to a 
wide processing window in which the resin has low viscosity to produce out-of-
autoclave parts under low pressure (S. Hernández F. S., 2013). 
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Robust correlation with experimental results of inter-laminar shear and flexural 
strength of carbon/epoxy laminates were obtained in previous research (Sérgio 
Frascino Müller de Almeida, 1994). Evidently, part quality will and always be 
affected by a manufactured part's mechanical properties and vice versa. 
However, it is interesting to note that part porosity does not influence either the 
low-velocity impact behavior or compression after impact as defects introduced 
during impact overcame the influence of porosity on the failure mechanisms in 
the case of impact (S. Hernández F. S., 2013). 
Research on various methods of curing composites has gained popularity 
recently. One such method is the use of microwave curing which showed 
reduction in curing cycle times and increase in compressive strength of 
specimens are achievable when compared to typical vacuum infusion methods. 
(Xuehong Xu, 2015) However, microwave oven tend to be much smaller in size 
and capacity as compared to autoclaves and convection ovens used in the 
composite industry. Microwave curing also brings about similar problems such as 
temperature uniformity across the part during curing (Nanya Lia, 2013) largely 
due to microwave penetration depth issues (M. Kwak, 2015). Another method of 
curing is the use of radiation which is also very much in research stages. 
Encouraging results allow envisioning mass production of structural composites 
as well as functional materials by means of a reliable, cleaner and more 
productive out-of-autoclave manufacturing (Arnaud Martin, 2014). 
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The current trends on research are intensively targeted at void reduction within 
composite parts while the venture towards faster and simpler manufacturing 
processes are constantly being introduced. Even so, autoclave or oven cured 
composites is still preferred which current yields the best and proven results.  
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3. INVESTIGATIVE APPROACH  
After reviewing current and past literatures relating to composites and their 
characteristics, the investigation will begin by selecting a set of cure parameters 
amongst the many variants available. The methodology of Design of Experiments 
(DOE) is used to determine the best set of cure parameters amongst the large 
number of variants possible. Through DOE, a set of parameters can be decided 
upon to reduce the sheer number of experiments required in a full factorial 
scenario and the experiment may be drafted using statistical means. 
Table 3: Selection of Cure Parameters 
Selection of Cure Parameters 
Parameters (Variables) Selection Reason for selection 
Heat Up Rate  Yes 
Most important variables defined in any 
composite data sheet. 
Cure Temperature Yes 
Dwell Time Yes 
Post Cure 
Temperature 
Yes Determines Tg value of composite part. 
Post Cure Dwell Time No 
Least importance as compared to above four 
variables. 
Cooling No 
Existing apparatus does not allow control of 
cooling. 
Cure Pressure No Existing apparatus does not have pressure input. 
When a set of parameters is selected as shown in Table 3, test specimens can be 
manufactured according to each set of parameters by one personnel following a 
standard procedure for each specimen. Test specimens shall then be cut to test 
coupons, affixed with the necessary data requisition device and subjected to 
ASTM Standard tests. 
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Results from these tests shall be discussed, compared with previous tests and 
analysed using FEA for simple verification. The mechanical properties derived 
from these tests can finally be used towards the design and optimisation of an 
automotive chassis. 
3.1 The Need for DOE 
The production and quality of manufactured composites are highly dependent 
on the various input process variables during curing such as cure temperature, 
heat-up rate, dwell time, post cure parameters, etc. A common approach to 
investigate the relationship between these input process variables and final part 
quality is One-Variable-At-a-Time (OVAT), where one variable is varied at a time 
while keeping all other variables constant throughout the experiment. Such full 
factorial designs will identify all possible combinations for a given set of variables. 
However, this approach depends upon guesswork, luck, experience and intuition 
for success. Moreover, this approach puts a high strain on resources to obtain a 
limited amount of information where a huge number of experiments is required 
if it involves a significant number of variables. OVAT experiments are often 
unproductive, erratic and time consuming and may yield false optimal results. 
(Antony, 2014)  
In order to reduce this number of experiments to a practical level, a small set of 
possibilities is carefully deduced. In a designed experiment, changes to input 
variables are deliberately made and then determined how the output functional 
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performance varies accordingly. Statistical thinking and statistical methods have 
shown that not all variables affect the performance in the same manner. All 
input variables will contribute different levels of influence on the output 
performance. Therefore, the objective of a carefully planned designed 
experiment is to understand which variable(s) affect the performance most. The 
method of selecting a limited number of experiments which produces the most 
information is also known as a partial fraction experiment. 
3.2 Experiment Design 
3.2.1 Orthogonal Arrays 
The use of orthogonal arrays stipulates the way of conducting the minimal 
number of experiments which could give the most information for all factors that 
affect the performance parameter. The crux of the orthogonal arrays method lies 
in choosing the level combinations of input variables for each experiment. 
The assumptions associated imply that the individual or main effects of the 
independent variables on the performance variable are separable. Under this 
assumption, the effect of each factor can be linear, quadratic or of higher order, 
but the model assumes that there are no cross product effects amongst each 
factor. In other words, the effect of one variable on the performance parameter 
does not depend on the various level settings of any other variables and vice 
versa. (Sankar) 
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3.2.2 Targeted process variables 
The specific process variables or factors investigated in this research project are 
temperature (T), heat-up rate (ΔT), dwell time (t) and post cure temperature 
(Tpost). Each factor will see three different levels of variation as shown in Table 4. 
Table 4: Various Levels of Variation for each Factor 
Factors 
Levels 
1 2 3 
A. Heat up rate, ΔT (°C/min) 2 3 5 
B. Temperature, T (°C) 80 130 150 
C. Dwell time, t (min) 10 60 600 
D. Post cure temperature, 
Tpost (°C) 
170 190 210 
**Values underlined represent supplier recommended values. 
These ranges are selected carefully through an in-depth thought process or are 
values recommended by suppliers. Heat up rates, Cure temperatures and Dwell 
times are values recommended by suppliers. Despite the large disparity between 
Factor-Levels C2 & C3 and this being the initial series of experiments, it is still 
imperative to adopt these values so as to include the entire spectrum of dwell 
time as suggested by suppliers. It is assumed that values out of these ranges will 
result in an incomplete cure or thermally degraded part. The post cure 
temperature is determined by the addition of a constant value in this case, 20°C. 
This constant is derived from factors such as equipment limitations and cure 
temperatures used. 
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3.2.3 Planned experiment using orthogonal array  
The Orthogonal Array constructed with a fraction of a full factorial array but the 
orthogonality (independency) between the factors is kept. The factors are 
independent from each other and in balance. As a result, the factors can be 
evaluated independently of each other. Orthogonality is interpreted in the 
combinatoric sense where all combinations of factor levels occur and they occur 
in an equal number of times. 
The basic strategy of the orthogonal array method would be to measure one 
factor while "randomising" the other factors. For example, measure T2 (130°C) 
with all combinations of the other factors such as (ΔT,t,Tpost) = (123), (231), (312). 
Note that all levels are obtained for each factor. (Phadke, 1989) 
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Orthogonal array for 4 factors at 3 levels are shown in Table 5. Only 9 
experiments are needed.  
Table 5: Orthogonal Array for the Experiments at 4 factors and 3 levels 
Experiment 
Run 









1 2 80 10 170 
2 2 130 60 190 
3 2 150 600 210 
4 3 80 60 210 
5 3 130 600 170 
6 3 150 10 190 
7 5 80 600 190 
8 5 130 10 210 
9 5 150 60 170 
For all experimental runs, the post cure ramp is set at 1°C/min and post cure 
duration of 120 minutes. 
The Orthogonal Array emphasizes a mean performance characteristic value close 
to the target value rather than a value within certain specification limits, thus 
improving the product quality. It is a powerful yet simple tool which makes it 
highly advantages. It can be used to quickly narrow down the scope of a research 
project. (Stephanie Fraley, 2006) 
Having understood the importance of DOE in this study, the necessary 
experiments are designed with the methods of DOE to realistically reduce the 
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number of experiments. Evidently, careful selection of the most important 
factors for investigation are paramount, the nine experiment runs can then be 
conducted as detailed in Chapter 5. 
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4. CARBON FIBRE MANUFACTURING TECHNIQUES 
Given the almost infinite variations and methods to produce carbon fibre parts, 
there is a lot to learn, the techniques in laying carbon fibre composites is one of 
the vital knowledge that the author must perfect. Some techniques may be 
learnt from research through the internet and videos which demonstrated the 
basic methodology. Yet there are many other techniques that had to be explored, 
some of which had to be gained through experience. 
4.1 Resin Infusion - Fibre:Resin Ratio 
In the case of a resin infusion process, to estimate the amount of epoxy to 
prepare for infusion, the following calculations are necessary.  
Assuming a 40 (Fibre):60 (Epoxy) ratio by weight, 
Given 1 ply of carbon fibre fabric weighs = 162g 
5 𝑝𝑙𝑖𝑒𝑠 =  162 × 5 = 𝟖𝟏𝟎𝒈 
810
𝑥
= 0.4  𝑥 =
810
0.4
 𝑥 = 𝟐𝟎𝟐𝟓𝒈 
Thus, total amount of epoxy required for infusion: 
2025
100
× 60 = 𝟏𝟐𝟏𝟓𝒈 
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** 1215g of epoxy is the minimum amount required for composite fabric 
only, a correction factor for composite tooling such as tubing and 
wastage has to be accounted for. 
1215 × 1.5 = 1822𝑔 ≈ 2.1𝑘𝑔 (𝐹𝑜𝑟 𝑒𝑎𝑠𝑦 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑖𝑛𝑔 𝑜𝑓 𝑒𝑝𝑜𝑥𝑦)  
Therefore, for a particular epoxy set (ie. “Epicote 2175”) with a 




× 2 = 𝟏. 𝟒𝒌𝒈 
𝐻𝑎𝑟𝑑𝑒𝑛𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 2.1 − 1.4 = 𝟎. 𝟕𝒌𝒈 
As such, 1.4kg of resin and 0.7kg is required to be dispensed and infused. 
4.2 Pre-preg  
As pre-pregs shown in Figure 6 are pre-infused with matrix, there is little or no 
prior preparation required except for defrosting. After the material is defrosted, 
laying can commence. Similarly, the mould is cleaned and released before lay-up 
begins. 
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Figure 6: Defrosted Pre-preg, un-cured ply 
4.3 Water Jet Machining 
Test coupons shall be machined out from specimens using abrasive water jet 
machining. Water jets machining is largely used in the machining of composites 
due to the following benefits: 
 Water jets can pierce, cut and drill composites with minimal 
distortion or delamination of the material. 
 Minimal fixturing required. 
 No Heat Affected Zone (HAZ) 
 Composite dust usually hazardous is arrested within the fluid 
medium 
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Figure 7 shows cut test coupons after water jet machining. 
 
Figure 7: Test Coupons 
Test coupons are cut from a cured panel to ensure edges of the test coupons are 
squared. If the pre-preg is cut to the exact test coupon size before curing, the 
curing process will result in a taper along the edges of such test specimens as 
shown in Figure 8. 
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Figure 8: Specimens Cut Before Curing 
The taper seen along the edges in Figure 8 is attributed by the vacuum pressure 
acting on the malleable pre-preg before curing. This phenomenon is undesirable 
as resin rich areas will appear along the edges of the test coupon making the 
edges very brittle. 
4.4 Debulking  
Debulking is defined as a technique of compacting or squeezing out excess air 
and volatiles between plies or prepreg laminates under moderate heat and 
vacuum to insure seating on the tool (mold), to prevent wrinkles and to promote 
adhesion between plies. (Debulk) Through debulking, the density of a composite 
part increases. 
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The above sections briefly explained the techniques, post process and 
calculations made during manufacturing of composites. These aspects are 
applicable to most composite layups and refined through the experiences of a 
skilled composite producer.   
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5. MECHANICAL TESTING OF CARBON FIBRE COMPOSITES 
In general, every composite produced is different and its mechanical properties 
vary individually. Therefore, there is hardly ever a set of mechanical properties 
available for composites since its mechanical properties will depend on the 
direction it is laid, skill & experience of the person laying, type of binder, type of 
core and of course type of carbon fibre fabric used. In the case of resin infusion, 
a series of carbon fibre composites were produced and for every sample, only 
one factor is varied. On the other hand, pre-preg samples are manufactured 
according to the parameters dictated through the use of DOE. 
5.1 Tensile test 
5.1.1 Scope of test 
A tensile test was conducted in accordance to ASTM D3039 – Standard Test 
Method for Tensile Properties of Polymer Matrix Composite Materials. This test 
method determines the in-plane tensile properties of polymer matrix composite 
materials reinforced by high-modulus fibers. The composite material forms are 
limited to continuous fiber or discontinuous fiber-reinforced composites in which 
the laminate is balanced and symmetric with respect to the test direction. (ASTM 
International, 2006) 
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5.1.2 Summary of test 
A thin flat strip of material having a constant rectangular cross section is 
mounted in the grips of a mechanical testing machine as seen in Figure 9 and 
monotonically loaded in tension while recording load. The ultimate strength of 
the material can be determined from the maximum load carried before failure. 
The Ultimate Tensile Stress (UTS), tensile modulus of elasticity, Poisson’s ratio 
and transition strain can also be derived if the coupon strain is monitored with 
strain or displacement transducers in which the stress-strain response of the 
material can be determined. 
 
Figure 9: Instron Tester Used in Tests 
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5.1.3 Tensile test methodology 
The steps taken to conduct the test are: 
1. Test specimens/ coupons are prepared. 
2. Mounting of 1 rosette strain gauge onto each specimen to measure 
transverse and longitudinal strain shown in Figure 10. 
3. Specimens are mounted onto mechanical testing machine (Instron) and 
wire from strain gauge connected to data recorder. 
4. Mechanical testing machine begins operation, test till specimen fails. 
5. Finally, data is analysed to determine UTS, tensile modulus and Poisson’s 
ratio. 
 
Figure 10: Tensile Test Pre-preg Coupons with Strain Gauges Mounted 
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5.1.4 Points to note 
The following pointers were worth highlighting and experienced during the test. 
 As test specimen was too thin and smooth, abrasive tape was required in 
between test specimen and jaw of machine. 
 Composites with core sandwich are unable to be clamped since the 
machine’s jaws will crush the foam core. 
 Ensure that sufficient clamping area is clamped and specimen is secured, 
there should not be any slip during the test. 
 Ensure that the specimen is clamped straight so as to minimize 
experimental errors. 
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5.1.5 Data analysis 
Table 6 depicts the raw data retrieved from the strain gauges and recordings 
from the machine for Specimen 0-2.  
Table 6: Experimental data from tensile test (Specimen 0-2) 
Test Data from Specimen 0-2 
Max Load, Fmax (N) 35879.57 
Change in longitudinal strain, Δԑl 0.0023 
Change in transverse strain, Δԑt -0.00006 
From Calculations, 
Tensile Stress @ 3491.59 N, σ1 61.042 MPa 
Tensile Strain @ 3491.59 N, ε1 0.0010301 
Tensile Stress @ 9552.14 N, σ2 166.995 MPa 
Tensile Strain @ 9552.14 N, ε2 0.0030162 
The following properties computed from the experimental data as follows: 
𝐶𝑟𝑜𝑠𝑠 𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛, 𝐴 = 0.0000572 𝑚2 













= 53.347 𝐺𝑃𝑎 
𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜, 𝜈 = − (
∆𝜀𝑡
∆𝜀𝑙
) = − (
−0.0006
0.0023
) = 0.261 
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The Ultimate Tensile Stress (UTS), Modulus (Echord), Poisson's ratio (ν) are 
calculated to be 627.27 MPa, 53.35 GPa and 0.261 respectively. 
 
Figure 11: Tensile Test 
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Figure 12: Tensile test specimen failure 
Figures 11 and 12 show the tensile test when in progress. Please refer to 
attached data table in Appendix E-1 for remaining data. Experimental errors may 
arise due to specimen slipping, dimensional tolerances of specimens, specimen 
purity, human judgement and rounding of numerical values. 
5.2 Three point bending test 
5.2.1 Scope of test 
A 3-point bending test was conducted in accordance to ASTM D2344 – Standard 
Test Method for Short Beam Strength of Polymer Matrix Composite Materials 
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and their Laminates. This test method determines the short-beam strength of 
high-modulus fiber-reinforced composite materials and acts as an additional 
avenue to calculate a specimen's Poisson's ratio. The specimen is a short beam 
machined from a curved or a flat laminate up to 6.00 mm thick. The beam is 
loaded in three-point bending. (ASTM International, 2006) 
5.2.2 Summary of test 
The short-beam test specimens are center-loaded as shown in Figure 13. The 
specimen ends rest on two supports that allow lateral motion, the load being 
applied by means of a loading nose directly centered on the midpoint of the test 
specimen. 
 
Figure 13: Horizontal shear load diagram 
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5.2.3 Three point bending test methodology 
The steps taken to conduct the test are: 
1. Test specimens/ coupons are prepared. 
2. Specimens are mounted onto mechanical testing machine (Instron). 
Ensure specimen is symmetrically mounted.  
3. Mechanical testing machine begins operation, specimen is preloaded to 
appropriate load and test till specimen fails. 
4. Finally, data is analysed to determine failure fracture stress and elastic 
modulus. 
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5.2.4 Data analysis 
Tables 7 and 8 shows the treated experiment data for comparison between pre-
preg and resin infused specimens. 
Table 7: Experimental data from three point bending test (Pre-preg) 
Sample 2c = w (mm) Pf (N) (dP/dv) = m 
1 2.95 3350 803859 
2 2.95 3200 788022 
3 2.95 3230 803859 
4 2.95 2900 813670 
5 2.95 3200 878735 
6 2.95 3100 843882 
7 2.95 3000 847458 
8 2.95 3200 853242 
9 2.95 3050 817661 
Average 3137 827821 
Table 8: Experimental data from three point bending test (Infusion) 
Sample 2c = w (mm) Pf (N) (dP/dv) = m 
1 3.3 1800 403225.8 
2 3.3 1850 413223.1 
3 3.3 1875 400000 
4 3.3 2080 454545.5 
5 3.3 1710 413223.1 
6 3.3 2140 450450.5 
Average 1909 422445 
The following properties computed from the experimental data as follows: 
Specimen length, L = 80mm = 0.08m 
Specimen thickness, t = 50mm = 0.05m 
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The Fracture Stress and Modulus (EB) are calculated to be 420.75 MPa and 30.09 
GPa respectively. 
 
Figure 14: Three point bending test 
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Figure 14 shows the three point bending test when in progress. Please refer to 
attached data table in Appendix E-2 for remaining data. Experimental errors may 
arise due to dimensional tolerances of specimens, specimen purity, human 
judgement and rounding of numerical values. 
Through these tests, the UTS, Modulus and Poisson's ratio are deduced 
experimentally. Problems encountered during the tests include lack of 
standardizing apparatus in each experiment run. Slippage during tensile tests 
were kept to a minimal with the use of sandpaper at grips. Also, loading at grips 
were set at an optimal level to reduce external loads to the specimen.  
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6 EXPERIMENTAL RESULTS AND DISCUSSION 
6.1 Projection of the Optimum Performance Based on Maximum UTS 
Achieved 
In order to illustrate how the process mean can be shifted to the desired level 
where UTS achieved is maximum, the highest average performance output can 
be selected. Table 9 lists the corresponding UTS for each experiment run 
specimen. 
















1 2 80 10 170 600.80 
2 2 130 60 190 706.24 
3 2 150 600 210 703.48 
4 3 80 60 210 715.52 
5 3 130 600 170 742.35 
6 3 150 10 190 720.11 
7 5 80 600 190 740.96 
8 5 130 10 210 724.12 
9 5 150 60 170 735.06 
Average 709.85 
The average performance of each factor is computed as follows: 
Ā1  =  
(𝑈𝑇𝑆1+𝑈𝑇𝑆2+𝑈𝑇𝑆3)
3
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The average effects of other factors are computed in a similar manner 
and listed in Table 10. 
Table 10: Average UTS for each Parameter/Level 
Factors 
Levels 
1 2 3 
A. Heat up rate, ΔT 670.17 725.99 733.38 
B. Temperature, T 685.76 724.24 719.55 
C. Dwell time, t 681.68 718.94 728.93 
D. Post cure temperature, 
Tpost 
692.74 722.44 714.37 
Maximum UTS values underlined for each factor. 
Recalling that for a "bigger is better" quality characteristic, the study of the main 
effect shows the optimum level at A3 B2 C3 D2. Also, from Table 10, it can be seen 
that levels A3 B2 C3 D2 in general yield higher UTS values as compared to the 
other two levels of each factor.  
As the experiment represents only a small set of the full factorial experiment, the 
optimum is in fact one of the trials defined by a full factorial experiment. As a 
general rule, the optimum performance will be calculated using the following 
expressions. (Roy, 1990) 
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T = Grand total of all UTS values 
N = Total number of results 
UTSopt = Performance at optimum condition 
which represents an approximate 10% increase over the average of all 
experiments. This combination of the best selected levels for the four factors A3 
B2 C3 D2 is not within the L9 array table. (SHINA, 1991) 
The least important factor is the Post Cure Temperature, Tpost, since the 
differences between the average UTS values are minimal as compared to the 
other factors. On the other hand, the most important factor is the Heat Up Rate, 
ΔT where the differences between the average UTS values are largest. 
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6.2 Verification of Optimum Level Calculated 
It is theoretically deduced that the optimum condition is not one of the trial runs 
already completed. The projection worked out should be verified by running a 
verification test. This confirmation test is a necessary and important step in this 
method as it is direct proof of the methodology. 
Table 11: Experimental Results of Optimal Level Specimen 
Sample 
Mode of 
Failure UTS (MPa) Echord (GPa) Poisson's Ratio 
V1 LGM 723.48 54.98 0.0546 
V2 LGM 735.69 54.84 0.0596 
V3 LGM 732.87 55.13 0.0731 
Average 730.68 54.98 0.0624 
Table 11 tabulates the experimental values obtained from specimens 
manufactured using optimal conditions deduced in the previous section. The UTS 
achieved experimentally is lower than as expected theoretically with a deviation 
of 6%. Such deviations would most likely be due to the limited test coupons for 
each experiment run. Major contributors would be the use of only one test 
coupon per experiment run out of the nine runs conducted. There was no 
averaging of any errors especially when a test specimen failed at the grips during 
the tensile test. Unlike in the verification test, four specimens instead of one 
specimen was used. This situation was inevitable due to limited resources. In this 
situation, typical experimental errors played a huge role in the derivation of the 
above result conclusion. 
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Other errors may also arise from manufacturing environments (ie. humidity level 
during lay-up, vacuum levels achieved for each cure and cooling rates) which 
were not meticulously considered. 
Despite the deviation, the concluded value is still generally higher across the UTS 
values obtained in Table 9. As such, it may be concluded that the DOE method is 
effective in determining optimal conditions in this study. 
6.3 Estimation of Factor Effects (Signal-to-Noise Ratios) 
Suppose for each experiment, the UTS is observed per experiment. It is defined 
by the following formula a summary statistic. ηi, for experiment i: 
𝜂𝑖 = −10 log10(𝑈𝑇𝑆)
 
Table 12: Experimental Results of Tensile Test 
Sample 
Properties Observation 
η2 [dB] Mode of 
Failure UTS (MPa) Echord (GPa) 
Poisson's 
Ratio 
1 DIB 600.80 53.23 0.0405 -27.79 
2 LIB 706.24 44.36 
 
-28.49 
3 LGM 703.48 45.75 0.0595 -28.47 
4 LGM 715.52 47.23 0.0542 -28.55 
5 LGT 742.35 45.75 0.0279 -28.71 
6 LAT 720.11 46.88 0.0432 -28.57 
7 AIB 740.96 47.51 0.0529 -28.70 
8 LIB 724.12 45.41 0.0603 -28.60 
9 LAB 735.06 48.64 0.0588 -28.66 
Average 709.85 47.19 0.0528 -28.50 
 
Please refer to Appendix E-1 for corresponding description of acronyms for failure codes. 
 
                                                     
2 η = -10 log10 (UTS observed) 
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The summary statistic, η is known as signal-to-noise (S/N) ratio and listed in 
Table 12 for each corresponding experiment run. (Phadke, 1989) The Poisson's 
ratio for sample 2 could not be computed due to technical issues with the data 
logger while for sample 5, the data is omitted as an outlier. 
 
Figure 15: Maximum UTS Values 
From the experimental results, Figure 15 depicts experiments 5 and 7 yielding 
highest UTS values of 742.35 MPa and 740.96 MPa respectively, implying 
increased mechanical properties within the test specimen. However, this does 
not conclude that experiment 5 nor 7 has the optimum conditions. 
The overall mean value of η for the experimental region defined by the factor 
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(𝜂1 + 𝜂2 + ⋯ + 𝜂9) = −28.50 
By examining columns 1, 2, 3 and 4 of Table 5, it is observed that all three levels 
of every factor are equally represented in the nine experiments. Thus, m is a 
balanced overall mean across the entire experimental region. 
The effect of a factor level is defined as the deviation it causes from the overall 
mean. Heat-up rate was at 5°C/min for experiments 7, 8 and 9. The average S/N 




(𝜂7 + 𝜂8 + 𝜂9) = −28.65 
Therefore, the effect of Heat-up rate at level A3 is given by (𝑚𝐴3 − 𝑚). The 
average S/N ratio for levels A1 and A2 of Heat-up rate, as well as those for the 








(𝜂2 + 𝜂5 + 𝜂8) = −28.60 
By taking the numerical values of η listed in Table 12, the average η for each level 
of the four factors are as listed in Table 13. 
   DEPARTMENT OF MECHANICAL ENGINEERING  
 
 PAGE 57     MASTER OF ENGINEERING THESIS 
Table 13: Average η By Factor Levels (dB) 
Factors 
Levels 
1 2 3 
A. Heat up rate, ΔT  -28.25 -28.61 -28.65 
B. Temperature, T 
-28.34 -28.60 -28.57 
C. Dwell time, t 
-28.32 -28.57 -28.63 
D. Post cure temperature, 
Tpost -28.39 -28.59 -28.54 
These averages of the ratios computed are plotted graphically in Figure 16.  
 
Figure 16: Plots of Factor Effects 
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The larger S/N ratios and corresponding optimum level for each factor across the 
levels are underlined in Table 13 and Table 14 respectively. 
Table 14: Optimum Levels for each Factor 
Factors 
Levels 
1 2 3 
A. Heat up rate, ΔT (°C/min) 2 3 5 
B. Temperature, T (°C) 80 130 150 
C. Dwell time, t (min) 10 60 600 
D. Post cure temperature, 
Tpost (°C) 
170 190 210 
The optimum level for a factor is the level that gives the highest value of η within 
the experimental region where variability within each factor is minimal. 
Unlike the DOE method which is able to derive an optimal condition beyond the 
orthogonal array, the S/N ratio represents a good indication on the interaction 
between each factor and amongst each level. 
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6.4 Comparison of Test Results between Resin Infusion and Pre-preg 
Both Tensile and Bending tests were performed on Resin Infusion and Pre-preg 
specimens to gain an insight on the significant differences in mechanical 
properties between the two processes. Table 15 shows the summarised test 
results between the tests. 




UTS (MPa) Echord (GPa) 
1 600.80 53.23 
2 706.24 44.36 
3 703.48 45.75 
4 715.52 47.23 
5 742.35 45.75 
6 720.11 46.88 
7 740.96 47.51 
8 724.12 45.41 
9 735.06 48.64 
Average 709.85 47.19 
 
Resin Infusion 
1 466.48 50.83 
2 627.27 53.35 
3 584.18 50.71 
4 627.37 54.73 
Average 582.25 52.41 
It is evident that specimens produced using the pre-preg process result in higher 
UTS values. Despite pre-preg specimens yielding lower elasticity, it is anticipated 
since carbon fibre is brittle in nature and this is most likely due to a lower epoxy 
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matrix content within a pre-preg part. The following section will explain further 
the details supporting this phenomenon. 
 6.4.1 Comparison of Process Outcomes: Resin Infusion vs. Pre-preg 
Wind turbine blades are manufactured using advanced composite materials due 
to their specific properties and their flexibility for component construction. With 
blade sizes increasing with manufacturing output acceleration, the choice of 
manufacturing process is becoming crucial. The wind turbine industry has 
reported that in thick laminates, pre-preg parts show very uniform morphology 
of both fibre/ matrix distribution and alignment along with increased 
homogeneity as illustrated in Figure 17. (Comparative Cost Study of a 35m Wind 
Turbine Blade using) 
 
Figure 17: Optical Comparison - Infusion vs. Pre-preg 
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Resin Infused parts also exhibited resin rich areas between fibre bundles 
resulting in less uniformity throughout the cured part as illustrated in Figure 18. 
(Shennan, 2013) 
 
Figure 18: Non-uniformity of resin and fibre within infused laminate 
Infused laminates exhibit distinct matrix boundaries between fibre bundles 
resulting in fibre-volume variations throughout the laminate. 
The Chapter has effectively concluded the results of the experiments conducted. 
A definitive set of parameters have been deduced through the use of DOE while 
the interactions amongst the three factor levels can be seen in the corresponding 
S/N ratios. The differences between the pre-preg process and vacuum infusion 
process in terms of mechanical properties achievable were also illustrated.  
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7 FINITE ELEMENT ANALYSIS (FEA) 
With advancement in computing power, FEA has emerged as one of the powerful 
tools available to Engineers in the design and analysis of challenging cases. For 
this purpose, FEA is utilised mainly for Stress and Factor of Safety (FOS) analysis. 
Having done the physical testing of the self-fabricated carbon fibre composite, 
the data collected can be used for FEA to conduct a verification and comparison 
between reality and in simulation. An FEA may predict or give the author a rough 
estimation as to how much carbon fibre material is required to produce a 
structurally sound design and most importantly, to expect any failures of an 
actual product. 
7.1 FEA Set-up 
In order to simulate the mechanical behaviour of a composite specimen, the 
stiffness of each lamina is to be calculated. The stiffness of the lamina and 
laminates depends upon various factors such as base mechanical properties of 
the reinforcement and matrix, volume fractions between reinforcement and 
matrix within the composite material, type and orientation of reinforcement 
employed in the layup. 
In this FEA study, only the initial portions of the experiment is simulated. This is 
largely due to the fact that in order to simulate the actual experiment, dynamic 
loadings and a full spectrum of loads which change over time must be considered.  
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7.1.1 Assumptions for FEA 
 Since carbon fibre is not found in the element library, experimental 
material properties were used. Although composites are never isotropic, 
the material is assumed to be isotropic due to software constraints. 
 The value of gravitational acceleration is assumed to be 10 m/s2. This is to 
ease calculations as well as to provide an increased estimation for safety 
purpose. 
7.2 Tensile Test Replica using Abaqus/CAE 
7.2.1 Stress Based Analysis 
Figures 19 and 20 illustrates a stress based analysis where the stress experienced 
by a test coupon (ie. 272 N/mm2) is loaded onto the analysis. 
 
Figure 19: Stress Plot from Abaqus/CAE 
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Figure 20: Displacement Plot from Abaqus/CAE 
The tensile test conducted experimentally was replicated in Abaqus to seek out 
any discrepancies and variations between simulation and the actual test. At 272 
N/mm2, the displacement shown in Figure 20 is 1.15 mm. Please refer to 
attached FEA reports in Appendix G-1 for more details. 
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7.2.2 Displacement Based Analysis 
On the other hand, Figures 21 and 22 illustrates a displacement based analysis 
when the test coupon is subjected to 1 mm displacement. 
 
Figure 21: Stress Plot from Abaqus/CAE 
 
Figure 22: Loading Plot from Abaqus/CAE 
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The maximum stress shown in Figure 21 from the simulation is 278 N/mm2 at 1 
mm displacement. Please refer to attached FEA reports in Appendix G-2 for more 
details. 
7.3 Comparison Between FEA and Actual Test  
As much as how the FEA was set up to replicate the test conducted 
experimentally, it is apparent that the variations are prominent between the FEA 
and actual experimental results. Table 16 illustrates the deviations between an 
actual experiment and as computed by FEA. The data in bold were computed by 
FEA when either stress or displacement was used as an input for computation. 
Table 16: Comparison Between FEA and Actual Tests 
Test/ Analysis Method Stress (N/mm2) Displacement (mm) 
Actual Experiment of V3 272 1 




These variations will increase exponentially as inputs are increased when 
simulated in a similar manner. 
The following factors as a result of limited resources are hypothesized to 
contribute to the variations: 
 FEA model was treated as isotropic when composites are in fact 
anisotropic in nature. 
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 Analysis were conducted in a linear static environment. This resulted in 
the lack of dynamic loading and deformations. 
 Physical experimental errors as detailed in Chapter 5 would have caused 
deviations from theoretical outcomes. 
 Inaccurate load modeling as compared to actual loading. Load should be 
applied using surface traction scenario as compared to applied forces 
method. (Mayank Nirbhaya, 2014) 
As such, dynamic simulation studies are required in this case which however, is 
beyond the scope of this thesis. Nonetheless, this simple FEA study is capable of 
providing a concise verification of the empirical methods employed with the 
exception of large changes where dynamic FEA studies are required. 
Currently intermediate FEA software for analysis was used. An intermediate 
software like Abaqus is no doubt capable of analysing anisotropic materials but 
require a full spectrum of mechanical properties to produce an accurate analysis. 
In the industry today, there are software available that are especially for 
composite analysis, these software are capable of calculating each ply, 
orientation effects and its binder. Much more optimisation can be done with 
more advanced FEA software while current optimisation rely largely on empirical 
methods and tools. In addition, further studies towards dynamic loadings and 
simulations can be looked into to achieve better simulation results. Future work 
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on detailed investigations on dynamic loadings are recommended to further 
verify the optimal conditions derived in Chapter 6. 
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8. CONCLUSION AND RECOMMENDATIONS FOR FUTURE STUDIES 
This study encompasses the Investigation of Cure Parameters for Optimised 
Mechanical Properties in Carbon-Epoxy Composites. The aspects mainly on 
manufacturing and production of composite parts are discussed. The cure 
parameters used in such productions are investigated and exhibited some 
influence on the mechanical properties of a composite part. The comparison 
between two different processing methods yielded varying mechanical 
properties with pre-preg methods displaying better results in general. The author 
believes that the transition towards composites in the engineering field is akin to 
a revolution in history where products and systems will advance towards a new 
era. 
The study headed directly into its manufacturing and experimental phase to 
deduce the best methods and techniques. After being contented with much 
experimentation, specimens are prepared and cut to standard test coupon 
dimensions for tests. 
The production of composites involves a large amount of variability. From the 
epoxy used, fibre, fibre orientation, etc. All these parameters may be varied to 
produce a fully optimized design. The techniques that were demonstrated can be 
improved with more experimentation. It takes years of experience to perfect the 
art of producing composites. 
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The use of the DOE method can optimise a process or a product easily and 
quickly by using very simple statistical techniques. The results of this study has 
yielded eliminated a large range of the factor level spectrum for use in carbon-
epoxy curing. A set of optimised cure parameters is now defined for future works 
especially in the case for an automotive chassis. An experimental methodology 
with the use of DOE and ASTM specified tests is written in the process of this 
optimisation study which may be used in future optimisation projects where 
factor levels are concerned. The process of manufacturing composites is a very 
enriching experience and valuable skill set to impart.  
In spite of this, the obvious limitations to the experiments performed include a 
large range of factor levels. Further amplification of range values may be done to 
refine exact factor levels. However, this was not done due to time and resource 
limitations. As with the inclusion of a simple FEA study which reiterated the 
positive direction of this study so far, additional work on detailed investigations 
with dynamic loadings are recommended to further verify optimal conditions. 
In the duration of this study, an oven was used to cure parts through an Out-of -
Autoclave process. However, an autoclave is currently still an important tool for 
high performance composite manufacturing. It seems bleak that the Out-of 
Autoclave process can substitute the autoclave process anytime soon. 
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APPENDICES 
Appendix A - Types of Chassis Designs 
A-1 Ladder chassis (Body on frame) 
Being one of the earlier chassis to be produced, two longitudinal beams are 
connected by several laterals and cross beams forming a ladder-like structure. 
The longitudinal beams takes care of bending and longitudinal forces arising from 
braking and acceleration while the laterals and cross beams provide resistance to 
lateral loads as well as improve torsion rigidity. 
 
Figure 23: Ladder Chassis 
This simple design makes the chassis cheap and easy to build even by hand. Most 
SUVs, heavy vehicles and buses today still employ the ladder chassis for its ease 
of adapting to different goods carrying configurations. Since the ladder chassis is a 
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two-dimensional structure, torsion rigidity is very much lower as compared to 
other modern chassis especially when dealing with vertical loads or bumps 
resulting in a bumper ride. Although the chassis may be specifically strengthened 
with additional members or by cross bracing, weight will be increased. Thus, this 
chassis is not suitable for performance vehicles. 
A-2 Backbone chassis 
The backbone chassis has a simple, large hollow tubular (usually rectangular 
section) structure that connects the front and rear axle. The hollow tube allows 
the drive shaft to be housed for a rear wheel drive vehicle with a front engine. 
Some vehicles such as the Volkswagen Beetle have a transmission tunnel that 
forms a backbone. 
 
Figure 24: Backbone Chassis 
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This type of chassis is cheap and easy to build therefore is ideal for low-volume 
production. Though the low rigidity backbone chassis may be strong enough for 
smaller sports cars, the backbone chassis does not provide protection against 
side collisions, and has to be combined with a body that would compensate for 
this shortcoming. It is the most space saving chassis other than the monocoque 
chassis. 
A-3 Tubular space frame chassis 
Having a two-dimensional ladder frame was not strong enough. A three-
dimensional tubular space frame was produced by motor racing engineers. The 
tubular space frame chassis employs numerous circular-section tubes (Square-
section tubes may be used for easier connection to body panels though circular-
section tubes provide maximum strength.) welded together at various strategic 
positions to provide mechanical strength against forces in any direction. This 
results in a very complex structure. The chassis loads are normally directed along 
the longitudinal axis of a tube. 
For higher strength, this chassis is usually incorporates a strong structure under 
both doors which results in an unusually high door sill hindering access to the 
cabin. 
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Figure 25: Tubular Space Frame Chassis 
Though the tubular chassis is very strong in any direction, it is very complex, 
costly and time consuming to build. However, this chassis may be combined by 
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assembling the cabin out of the monocoque chassis to cut costs. It is impossible 
to robotized production. The chassis also engages a lot of space. 
A-4 Unibody/ integral chassis 
In today’s market, majority of cars produced are made of the unibody/ integral 
chassis. Its production cost is low and is suitable for robotized production. 
There are two basic means to unite the body and frame of a car. The first 
method is to build the body and frame separately and simply bolt them together. 
The other method was to build a body and frame as a single unit known as 
unibody. Unibody is a one-piece structure defining the overall shape of the car. 
The body of the car is also incorporated. Sheets of metal are stamped and spot 
welded together by robotic arms in a stream production line to form the 
structural and functional body of the car. 
The unibody structure benefits crash protection due to the large amount of 
metal used whereby a crumple zone can be built in. It is space efficient; there is 
no large transmission tunnel, high door sills, large roll over bar etc hence is very 
attractive to mass production cars. 
Despite the advantages, the large amount of metal has largely contributed to the 
weight of a vehicle. The pressed sheets of metal encompass contours and 
radiuses which impart strength and rigidity but are not as strong as metal tubes or 
extruded metal. Given the complexity and optimization for mass production, 
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small scale production of such vehicles is impossible. The initial cost for 
production is too expensive. 
A-5 Monocoque chassis (Carbon fibre) 
This carbon fibre chassis is built just like a fuselage in aerospace applications as 
well as hull construction in marine applications meaning it has a thin wall 
structure. A composite monocoque chassis is light, stiff and costly to build due to 
the intense labour process in composite material fabrication. Its high cost is greatly 
mitigated by its superior strength-to-weight & rigidity-to-weight ratio. 
Race car manufacturers have also developed methods to give carbon fiber pieces 
strength in a certain direction making it strong in a load-bearing direction, but 
weak in directions where little or no load would be placed on the member. On 
the converse, manufacturers developed omni-directional carbon fiber weaves 
that apply strength in all directions. 
The expense involved in terms of materials, equipment, and the relatively limited 
pool of individuals with expertise has limited the use in mass production. 
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Figure 26: Monocoque Chassis 
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Appendix B - Chassis Theory 
B-1 Overview of the Chassis 
An automotive chassis consists of a framework that supports most parts of the 
vehicle analogous to a skeleton found in animals. A chassis is therefore the 
primary structure of a vehicle. 
Generally, the purpose of an automotive chassis is to connect all wheels with a 
structure that is able to withstand bending and torsion. Such forces may be 
transmitted to the chassis from the vehicle’s engine, wheel support (upright), 
aerodynamic wind resistive forces, and road shocks or in an unpleasant situation 
of an accident. Its capabilities include supporting components & payload and 
should be able to absorb loads applied to it without deflecting unduly. 
The basic characteristics of a chassis include: 
 Strength 
 Rigidity 
 Toughness (Crash worthiness) 
 Damage resistance & tolerance 
 Optimized weight 
 Aerodynamics and aesthetics 
 Durability 
 Ease and cost of manufacturing 
 Ease of packaging and maintenance 
The chassis is tasked to carry and connect various systems within a vehicle and 
components to each other. (Eg. Engine, lubrication, cooling, braking, suspension 
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etc...) The chassis must also be able to take and withstand various loads such as 
fatigue, corrosion, static/ dynamic loads and impacts. This will then enable the 
chassis itself to protect the driver and the vehicles’ occupants during operation. 
A chassis may be subjected to loads during operation. The following are six main 
forms of deformation: 
 Longitudinal torsion 
 Vertical bending 
 Lateral bending 
 Horizontal lozenging 
 Longitudinal lozenging 
 Lateral loading 
There are many different vehicles on the road today, each having a different 
purpose. Therefore, there is a need for a variety of chassis types which are 
employed in different categories of vehicles for various functions. Please refer to 
appendix for detailed write-up on each chassis type. 
B-2 Mechanics of a Chassis 
The perfect chassis is theoretically a large diameter thin walled tube. The two 
main goals of the automotive chassis is 
 To support the weight of components 
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 To connect the various components and systems 
The original chassis designs were adapted from horse drawn carriages. The most 
effective beam shapes for supporting point loads is the I-beam, a box tube or C-
beam. The construction of ladder frames still employ these beams as it is an easy 
and effective method of supporting heavy loads. 
The body on frame model served the mainstream automotive industry for a long 
time before it was obsolete and happened because of the desire to reduce costs 
and weight in production cars. Space frames did not enter mass production and 
stayed only in race cars and high performance cars. Subsequently, the 
monocoque chassis emerged and space frames gave way to this contemporary 
chassis as large flat surfaces had more mass consistently further away from the 
neutral axis. 
Race cars designers skinned a space frame retaining a supporting structure, after 
which was also eliminated and was replaced with light weight honeycomb 
material. This was due to the fact that the thin walls being strong in shear but 
were unstable in the compressive direction and buckled easily. The honeycomb 
material added a reinforcing structure, and coupling two layers surrounds the 
driver in a very strong enclosure that is resistant to penetrative loads. 
When a cornering torque is applied to the chassis it causes it to twist. The 
engineering solution for this torsion problem is simply a tube. Understanding 
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from basic mechanics, the further away the material is from the center of 
application of the torque, the more resistive it is to deflections to the power of 
four. Therefore, a key point for chassis design would be to get masses far away 
from the neutral axis to decrease the moment of Inertia, I. 
From this principle, it can be seen that a “perfect” chassis is a large diameter 
tube. It would be very resistant to torsional forces as well as good for holding the 
heavy components of a vehicle such as an engine and dealing with the lateral 
loads. Unfortunately, this is an ideal case. In reality loads are distributed over 
small areas and design elements cause huge stress. For example, an engine 
cannot be mounted to a thin walled tube. It would require a form of 
reinforcement to handle the localized bending this imposes. 
Now, the chassis design becomes complicated. Holes for doors, windows, etc are 
required around the chassis. Holes are areas where it’s significantly weaker and 
soon, walls may buckle and less predictable deflections would occur. 
  
   DEPARTMENT OF MECHANICAL ENGINEERING  
 
 PAGE 87     MASTER OF ENGINEERING THESIS 
B-3 Basic Chassis Properties Requirement 
The purpose of a chassis structure is to maintain the shape of the vehicle and to 
support the various loads applied to it. Assessments of the performance of a 
vehicle structure are related to its strength and stiffness illustrated below. 
In this chassis design process, the aim is to achieve sufficient levels of these two 
properties with as little mass as possible. Other criteria, such as crash 
performance are excluded from this paper as the vehicle in focus is a prototype 
and the usage of the vehicle is of low risk. (Jason Brown, 2001) 
B-4 Strength 
The strength requirement implies that no part of the structure will lose its 
function when it is subjected to road loads. Loss of function may be caused by 
instantaneous overloads from extreme load cases or material fatigue. Also, 
Figure 27: Force/Deflection Relation 
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strength may be simply defined as the maximum force which a structure can 
withstand.  
B-5 Stiffness 
The stiffness, K of a structure relates the deflection, Δ produced when a load, P is 
applied. These three properties are co-related by: 
𝑃 = 𝐾∆ 
The stiffness of a vehicle structure has important influences on its handling and 
vibration behavior. It is important to ensure that deflections due to extreme 
loads are not so large so as to impair the function of the vehicle. 
B-6 Applied Force Calculations Experienced by a Typical Automotive Chassis 
The forces experienced from the wheels through the pick-up points, is found to 
be the following in Table 17: 
Table 17: Loads acting on A-arms 
Pick-up points Force (N) 
Front 
Upper Arm 76.8 
Push Rod 2265.5 
Lower Arm -1217.2 
Rear 
Upper Arm 172.4 
Push Rod 1871.8 
Lower Arm 10.8 
-ve = Force acting away from wheel w.r.t. upright. 
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By resolving all forces, the forces translated to the inboard mounting clevis are as 
shown below. 
 




Upper Arm Upper Arm 
Lower Arm Lower Arm 
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Appendix C - Methodology to Produce Carbon Fibre Composite 
C-1 Vacuum Assisted Resin Transfer Molding (VARTM) 
 Material Preparation – Carbon fibre fabric with masking tape added on to 
cut edges to prevent frills of the fabric after cutting and engineering foam 
is cut to size. 
 Application of “Gelcoat” layer on mold. This layer is optional and serves 
as a protective coating on the finished product. 
 Preparation of binder or epoxy, usually 2:1 (Resin:Hardener) ratio. 
 Prepare table for laying – Ensure surface is free from foreign particles, set 
sealant tape, plan and lay spiral tube on double backed tape. 
 Start laying each layer of fabric and applying binder in between, if 
necessary. (A lower fraction of binder in between layers will result in a 
stronger composite.) Engineering foam** is laid as the core of the 
composite. After last layer of carbon fibre fabric, lay distribution medium. 
 Seal everything including omega tube with vacuum bag and sealant tape. 
 Switch on vacuum and infuse more binder into composite through the 
omega tube. 
 Leave vacuum on and allow composite to set over 24 hours. 
**Through many composite laying experiences, the addition of engineering foam 
should be a separate process in which adhering the foam using the same binder 
and allow vacuum pressure to hold down foam leaving it to cure over 24 hours 
before proceeding onto the next skin. 
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C-1-1 General pointers to take note 
1. Ensure that distribution medium does not exceed edges of workpiece and 
must not come in contact with spiral tubing. 
2. Peel ply is surface dependant. Wax-y surface should be in contact with 
fabric. 
3. Try to wrap spiral tubing with edge of peel ply if possible. 
4. Spiral tubing should be about 4 inches away from workpiece all round. 
C-2 Pre-preg Lay Up 
 Material Preparation – Carbon fibre pre-preg and engineering foam is cut 
to size. 
 Application of “Gelcoat” layer on mold. This layer is optional and serves 
as a protective coating on the finished product. 
 Start laying each layer of pre-preg. Engineering foam** is laid as the core 
of the composite. After last layer of carbon fibre pre-preg, lay release film 
followed by breather to allow for air passage. 
 Seal everything including vacuum port with vacuum bag and sealant tape. 
 Switch on vacuum, ensure vacuum bag is laid well, and in excess 
especially at corners. 
 Leave vacuum on and cure in oven. 
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Appendix D - Further Research Towards Repair of Composites 
With the exponential increase in composite products, the knowledge of repairing 
composites is essential. In an unfortunate event of breakage or premature failure, 
besides replacing the part, repairing it would most probably be the best bet. 
D-1 ThermaGlastTM Patch 
ThermaGlast™ Patch is a revolutionary 
composite material that bonds to nearly any 
surface and when heated, is highly formable to 
tight radii. Each patch has a paper-backed, 
permanent bond adhesive that can stick to 
surfaces including: composites, plastics, metals, 
etc. The structural composite repair patch can 
be applied in minutes. The repair is both structural and cosmetic use. When 
heated, the patch becomes very pliable, which allows this material to form to 
nearly any shape or contour and can be trimmed to size. As it cools, the patch 
becomes a strong reinforcement for repair, and with a high-performance 
adhesive, ThermaGlast™ Patch holds tight against weather, water, and vibration. 
Only drawback, ThermaGlast™ Patch must be heated to approximately 90°C in 
order to soften and prepare the material. (ThermaGlast™ Patch - Carbon Look) 
Figure 29: ThermaGlast Patch 
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D-2 Wet Lay Patch 
In the event where consumer repair products are unavailable, the next better 
solution would be to simply patch the damage with similar fibre, wet lay the area 
and apply vacuum pressure for curing. This is only viable if sufficient surface 
preparation is done around the damaged area. 
D-3 Pre-preg patch cured outside autoclave 
Pre-preg patches are increasingly common. These patches are impregnated with 
low temperature cure matrix. The patch may be applied where necessary and 
cure directly under an infra-red lamp. 
APPENDIX E‐1
Sample Mode of Failure UTS (MPa) Echord (GPa) Poisson's Ratio
1 DIB 600.80 53.23 0.0405
2 LIB 706.24 44.36
3 LGM 703.48 45.75 0.0595
4 LGM 715.52 47.23 0.0542
5 LGT 742.35 45.75 0.0279
6 LAT 720.11 46.88 0.0432
7 AIB 740.96 47.51 0.0529
8 LIB 724.12 45.41 0.0603






Sample Mode of Failure UTS (MPa) Echord (GPa) Poisson's Ratio
0‐1 LIT 466.48 50.83
0‐2 LMV 627.27 53.35 0.0261
0‐3 LMV 584.18 50.71
0‐4 LMV 605.97












































































































































































































































































































































































































Sample Mode of Failure UTS (MPa) Echord (GPa) Poisson's Ratio
V1 LGM 723.48 54.98 0.0546
V2 LGM 735.69 54.84 0.0596





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































      
Vari-Preg is based on a 80 to 150°C (176 to 302 °F) curing toughened epoxy matrix and a balanced 
carbon fibre 3K fabric. 
The resin system has with good strength retention at elevated temperature, good processability and excellent 
surface finish.Suitable for use in performance car and sporting leisure applications.  
Particularly developed for very fast hot press moulding process. 
• toughened epoxy
• good impact resistance
• good strength retention
• long shelf life and out life at room temperature
• suitable for autoclave, vacuum bag and hot press moulding process
• good tack and drape characteristics
• versatile cure temperature from 80 °C to 150°C (17 6 to 302°F)
• high  Tg °C
 
Measure unit Typical values 
Density gr/cmc 1,5 about 
Carbon fabric weight  512 qm/rg
Prepreg weight  593 qm/rg
Resin content % 46 ±3 
Gel time at 125°C minute 11±3 
Flow at 130 °C, 3 bar, 15 minutes % 15÷25 
Volatile content % <1 
Description








Cure at 130 °C for 60 minutes on the press with 3 b ar  pressure 
 
 
 Viscosity (Poise) 
 10000 
 10 
      50  125   150  Temperature  (°C) 
Properties Test method Measure unit Typical values 
Flexural strength EN2562 Mpa 850 
Flexural modulus EN2562 Gpa 59 
Tensile strength ISO 527 Mpa 650 
Tensile modulus ISO 527 Gpa 59 
ILSS- Short Beam Shear EN2563 Mpa 65 
TG (DSC) 20°C/min °C 140 
 
Vari-Preg™ 220g 2/2 Twill, 1.27m Wide




Properties of Laminate at 25ºC
Graph of Viscosity Vs Temperature
PAGE 117
                                        
 
(*)  The Resin System can be cured between 80 and 150°C (176 to 302°F). The glass transition 
temperature (Tg) is related to it. In the following table are showed some indicative curing cycle with relevant 
achievable Tg  
As example we report here below a standard autoclave curing cycle:Draw vacuum (0,6-0,7 Bar) and apply 
positive air pressure. Then start heating  - typically 2÷5°C/min (3,5 ÷9 °F/min) – till 120 °C (248°F) and then 
hold this temperature for 1 hour. Turn of the temperature and cool under pressure till the temperature reach 
60 °C (140°F). When fully cooled you can open the b ag and extract the piece.  
GEL TIME VARI-PREG  
STANDARD AUTOCLAVE CURING CYCLE 
Cure Temperature Time Evaluated Tg °C (°F) 
120 °C  (248 °F) 1 hour 110÷120   (230÷248) 
130 °C  (266 °F) 1 hour 130÷140  (266÷284) 
150 °C  (302°F) 10 minutes 130÷150  (266÷302) 
Vari-Preg™ 220g 2/2 Twill, 1.27m Wide






 These  prepregs should be stored as received in a cool dry place or in a refrigerator  . 
At room temperature , storage life is : 
  12 Months  at –18 C° 
 4-6 Weeks at room temperature  (23 C°) 
After removal from refrigerator storage, prepreg should be allowed to reach room temperature before 
opening the polythene bag , thus preventing condensation . 
 
We recommend that customers observe established precautions for handling resin and the fine fibrous 
materials.  
Operators working with this product should wear clean, impervious gloves to reduce the possibility of skin 
contact and to prevent contamination of the material. 
Safety Data Sheet is available for this product . 
We reserve the write to make further modification to this paperwork . 
Vari-Preg™ 220g 2/2 Twill, 1.27m Wide










STYLE 284 US System 
Type of Yarns Warp Yarn: 3K Carbon, 33MSI 
Fill Yarn: 3K Carbon, 33MSI 
Fabric Weight, Dry 5.80 oz/yd2 197 g/m2 
Weave Style 2/2 Twill 
CONSTRUCTION 
Nominal Construction Warp Count: 12/in
Fill Count: 12/in
Fabric Thickness 9.1 mil 0.23 mm 
IMPORTANT 
All information is believed to be accurate but is given without acceptance of liability.  All values have been 
generated from limited data. The values listed for weight, thickness and breaking strengths are typical greige 
values, unless otherwise noted. Users should make their own assessment of the suitability of any product for 
the purpose required. All sales are made subject to our standard terms of sales which include limitations on 
liability and other important terms. The fabric style listed may not be available from inventory and minimum 
order quantities may apply. 
FOR FURTHER INFORMATION, PLEASE CONTACT US 
1913 North King Street 
Seguin, Texas 78155 
Phone: 830-379-1580 
Fax: 830-379-9544 
Customer Service Toll Free: 1-866-601-5430 
For European sales office numbers and a full address list, please go to: 
http://www.hexcel.com/contact/salesoffices 
® Hexcel and Hexcel logo are registered trademarks of Hexcel Corporation, Stamford, Connecticut. 
™ HexForce is a trademark of Hexcel Corporation, Stamford, Connecticut. 
PAGE 120
APPENDIX H-2
195
